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Introduction
Androgen receptor (AR) belongs to the nuclear receptor superfamily. It is a liganddependent transcription factor that directly controls transcription of target genes through the binding to specific Androgen responsive Elements (ARE) within the genome. In men AR is essential for both sexual differentiation and prostate development. On the other hand AR is also implicated in several prostatic diseases including prostate cancer (PC). Prostate cancer is the most common cancer among men in Western countries [1] . Androgens activate cell proliferation at the very early stages of tumor development. The role of AR in PC development has been widely documented and regulation of AR target genes expression is found deeply altered in many cases of advanced cancer. Androgen suppression therapies can abrogate tumor cell proliferation, however in advanced stages and in metastatic forms of PC, uncontrolled proliferation becomes independent of androgen signaling due to altered AR signaling pathway. In some cases anti-androgen compounds can even activate cell proliferation [2] [3] [4] [5] [6] . To explain these phenomena several molecular mechanisms have been proposed including hypersensitivity to androgens due to amplification of genes encoding AR or AR co-activators, mutations in AR or co-factors inducing constitutive transcriptional activation of AR target genes, altered cross talks with other signaling pathways. In some cases alterations of AR function results from chromosome rearrangements, etc. [6, 7] . Recent studies proposed AR as a licensing factor for DNA replication in prostate cancer cells [8, 9] . Therefore, it is of crucial importance to understand the molecular mechanisms through which AR regulates target gene transcription in prostate cells and controls thereby cell proliferation.
The activity of nuclear receptors in general, and of AR in particular, is controlled through interaction with co-activators and co-repressors [10] . Co-activators and co-repressors are able to induce alterations in chromatin structure through posttranslational modifications of A c c e p t e d M a n u s c r i p t the core histone amino-termini. Among co-repressors NCoR is a high molecular multiprotein complex that comprises seven different subunits. The only identified partner of NCoR that shows an enzymatic (deacetylase) activity is HDAC3 [11] . The mechanisms of action of NCoR were recently reviewed [12] .
In this work we aimed at deciphering the mechanisms governing AR accessibility to control regions of target genes in the nucleus and the regulation of AR target gene expression in a model of non-tumor prostate cells. We observed that in these cells AR target genes are expressed only during the G1 phase of the cell cycle in response to androgen stimulation. We show that NCoR is expressed only during the S and G2-M phases of the cell cycle and further demonstrate that this cell cycle dependent expression of NCoR is responsible of the nonproductive binding of AR to the promoter of target genes during these phases. The interaction of NCoR and AR has already been described. However, this interaction was shown to be further stabilized by the treatment with AR antagonists such as bicatulimide or mifepristone [13, 14] . Our experiments show a new link between AR and NCoR in absence of drug treatment, i.e. in more physiologic conditions. Our data also identify then the cell cycle regulated expression of NCoR as a key factor in the control of cyclic expression of androgen responsive genes.
Materials and Methods

2.1.Vectors and cells
The human cDNA of AR was cloned in the pCTAP vector (Stratagene 240102) to produce an AR tagged on C-terminal by the streptavidin binding peptide (SBP) and the calmodulin binding peptide (CBP). This AR tag was cloned into a viral vector, pWRIR, derived from HIV. Construction and production of viral vectors and isolation of infected cells were performed in collaboration with Dr. D. Nègre (vectorology facility, IFR Biosciences Gerland A c c e p t e d M a n u s c r i p t
Lyon Sud, Lyon, France). In this vector the AR tag is transcribed from an internal EF2
promoter. This vector also contains a GFP sequence transcribed from the same EF2 promoter and translated via an IRES sequence. Helper free vector particles were produced trough transfection of the pWRIR-AR DNA into the transcomplementing MCF-7 cells. RWPE-1-AR tag cells were obtained by infecting RWPE-1 cells with helper free pWRIR-AR particles.
The tagging AR did not change its ability to translocate into the nucleus (figure 1 D Shc002) containing puromycin resistance sequence was added in the electroporation mixture at a ratio 1:10. Cells were selected in keratinocyte medium containing BPE, EGF, 5 µg/ml of blasticidin and 1 µg/ml of puromycin.
Cell synchronization and flow cytometry
Cells were synchronized using a double-thymidine-block protocol [15] , with a first block for 24h, a 9h release in presence of 24 µM deoxycytosine, and a second block for 20h.
The final concentration of thymidine used in the block medium was 2 mM. Cells were treated for 6h with R1881 or ethanol as vehicle at the end of the synchronization process.
The percentage of cells in each phase of the cell cycle was checked by propidium iodide (Invitrogen P1304MP) labeling. The fluorescence was measured by flow cytometry.
To analyze AR translocation in synchronized control and R1881-treated cells, the cells were fixed with paraformaldehyde at the indicated phases of the cell cycle and stained with both Hoechst and anti-AR antibody. The number of AR-positive nuclei was counted in 5 different microscopic fields over 300 cells each.
RNA extraction and qRT-PCR
RNA was extracted from cells using Trizol Reagent (MRCGene TR118) following A c c e p t e d M a n u s c r i p t 
Chromatin binding analyses by UV induced crosslinking.
Twenty millions RWPE-1-AR tag cells were used to perform ChIP experiments. Cells were recovered at each time point following synchronization by scraping in cold PBS. To crosslink protein-DNA complexes, cells were irradiated with a laser as previously described [16] . 
Chromatin binding analyzes by formaldehyde-induced crosslinking.
Formaldehyde-induced crosslinking was performed as previously described [13, 17] .
ReChIP experiment was done as described by [18] with some modifications. Fourty millions synchronized RWPE-1-AR tag cells were lysed in lysis buffer (Hepes 50 mM; EDTA 1 mM; NaCl 150 mM; Glycerol 5%; Triton X-100 1% and Roche Complete Protease Inhibitor Cocktail Tablets). After 10 minutes of lysis and centrifugation, nuclei were resuspended in RIPA buffer (Tris pH 8 10 mM; EDTA 1 mM NaCl 150 mM; Glycerol 5%; Nadeoxycholate 0.1%; SDS 1%; Triton X-100 1% and Roche Complete Protease Inhibitor Cocktail Tablets).
Chromatin was shared into small fragments by ultrasounds (Bioruptor, Diagenode). Cell lysates were centrifuged for 10 minutes at 4°C at 15000rpm. The first immunoprecipitation ChIP buffer containing 300 mM NaCl, protein-DNA complexes were de-crosslinked in TE buffer containing 0.7% SDS and 100 µg/ml of proteinase K for 4 hours at 55°C. DNA was purified by phenol/chloroform extraction and analyzed by qPCR after picogreen quantification (Invitrogen Quantitect Picogreen dsDNA assay Kit P7589). Dual labeling of proteins and DNA on flow cytometry was performed as described previously [9] . For NCoR labeling, 1/50 dilution of polyclonal anti-NCoR antibody was used M a n u s c r i p t
qPCR following ChIP and primer sequences.
Cytometer (Becton Dickinson).
Results
Establishment of a stable RWPE-1 prostate cell line expressing AR.
The aim of this work was to investigate the molecular mechanisms of the control of expression of AR target genes in prostate cells. Several tumor-derived adult prostatic epithelial cell lines (including LNCaP, VCaP and LAPC-4) have been established and described in the literature [19] . Although most of the described cell lines are sensitive to androgens, AR is mutated in many of these cells, and the tumorigenic phenotype of the cells might alter transcriptional response to androgens.
With this in mind we choose the non-tumorigenic immortalized prostate cells RWPE-1 as a model. These cells have been immortalized by infection with HPV18 [20] . Like many non-tumorigenic immortalized prostate cells described so far [17, 21, 22] , these cells express barely detectable amounts of AR protein.
To overcome this limitation we established a stable cell line RWPE-1-AR tag that constitutively expresses an exogenous AR. The COOH-terminus of AR was fused to the SBP and CBP peptides and the AR tag cDNA sequence was stably introduced into the cell genome via a lentiviral vector to insert a low number of proviral copies. The cell model we established was similar to the one used by Bolton et al. to study binding of AR to chromatin [17] .
To analyze the response to androgens in these cells we followed the expression of a panel of known AR target genes. The chosen genes were NEP, CYR61, ELL2, FKBP5 and SGK [17, [23] [24] [25] [26] . These cells also express the NKX3. A c c e p t e d M a n u s c r i p t
In contrast to RWPE-1 cells which did not show any enhancement of AR target gene expression upon androgen stimulation, the androgen response in RWPE-1-AR tag cells was detected as soon as 3 hours after addition of R1881 with for some of the genes a particularly high transcriptional activation (>10, data not shown).
Cell-cycle-dependent Expression of AR Target Genes in RWPE-1-AR tag Cells.
To investigate the response to androgens during the cell cycle, we performed a cell cycle synchronization of the RWPE-1-AR tag cells using the double thymidine block technique [15] . The protocol scheme is presented in Figure 1A . Treatment with 1 nM of R1881 for 6 hours had no effect on the synchronization of the cells (data not shown). For simplicity we will further refer T0, T1, T2, T4 and T5 to as Smax, G2/Mmax, G1max, G1/S and G1max-2, respectively.
A Western blot analysis showed that the level of expression of AR was constant during the cell cycle (Figure 1 C) . We also found that the translocation of AR into the nucleus was strongly enhanced by androgen stimulation and that the level of the translocated AR remained unchanged at the different phases of the cell cycle (Figure 1 D) . Thus, this synchronization procedure of the RWPE-1-AR tag cells offered a good model to study how ARtarget gene expression is regulated during the cell cycle. The light bands observed under the M a n u s c r i p t major band for AR might represent minor cleavage or degradation products.
Analysis of the expression of AR-target genes in response to R1881 in synchronized cells showed that all studied target genes exhibited a cell cycle dependent expression which peaked at the G1 phase ( Figure 2 ). As controls we analyzed the expression of the non ARtarget genes GAPDH and CDK4. As expected, the mRNA levels of these genes did not change significantly during the cell cycle in response to R1881. Similarly, the level of AR mRNA did not vary during the cycle since AR was constitutively expressed from the retroviral vector. We conclude that in response to androgen stimulation the expression of ARtarget genes (as assessed by their mRNA levels) takes place mainly in the G1 phase of the cell cycle.
Cell cycle dependent expression of NCoR in RWPE-1-AR tag cells
The transcriptional activity of AR is regulated through interactions with co-activator and co-repressor partner proteins [27] . We hypothesized that the cyclic expression of AR- Taken together, all these data demonstrate that NCoR expression is regulated during the cell cycle and peaks at the S and early G2/M phases.
NCoR binds to chromatin only during the S Phase of the cell cycle.
The above data suggest that the cyclic expression of NCoR could be associated with the regulation of the expression of AR target genes during the cell cycle. To test this assumption we have analyzed the NCoR binding pattern to the chromatin of AR-target genes during the cell cycle using formaldehyde-induced crosslinking followed by chromatin immunoprecipitation (ChIP). As seen in Figure 4 , NCoR was associated with the ARE in the chromatin of all tested AR-target genes only during the S phase in both the presence and absence of R1881. Surprisingly when tested on the CYR61 and NEP genes, NCoR was also found associated with sites located 2kb upstream and downstream from the ARE. No NCoR A c c e p t e d M a n u s c r i p t association was found on the androgen-independent XBP gene.
Analysis of AR binding to AR-target genes within the chromatin
AR was constitutively expressed all along the cell cycle in RWPE-1-AR tag cells (Figure 1 ). Bearing this in mind, we next asked whether AR was also constitutively bound to its target genes throughout the cell cycle and if bound, whether its binding is productive in term of transcription. To address this question we used two different crosslinking techniques, namely formaldehyde and UV laser protein-DNA crosslinking that distinguish between direct and indirect binding to chromatin DNA.
The widely used formaldehyde crosslinking technique reveals protein binding to chromatin DNA either as a direct interaction with DNA or as an indirect interaction though protein-protein induced crosslinking [29] . In contrast the UV laser induced crosslinking technique reveals only direct protein-DNA interactions. Indeed one of the most efficient photoreaction induced by UV laser irradiation of nucleoprotein complexes is the generation of covalent protein-DNA adducts [30] . Since UV light is a "zero length crosslinking agent" the protein-DNA crosslinking is achieved only between the DNA bases and the amino acids residues that are in direct contact [30] . In addition, no protein-protein crosslink is induced in these conditions [16, 31, 32] . The UV laser crosslinking technique was successfully applied to study the direct binding of histone and several transcription factors to DNA both in vitro and in vivo [33] [34] [35] [36] [37] [38] and to map transcription factor-DNA contact points [39] .
Using the formaldehyde-induced crosslinking we then analyzed the interaction of AR with the ARE of NEP, CYR61, FKBP5, ELL2, ARBS3.12 and SGK genes. We also analyzed From all these observations we conclude that the direct binding of AR to its cognate sequences occurs mostly during the G1 phase whereas indirect binding to the same sites could also take place during the S phase.
Direct G1 phase binding of AR correlates with the transcriptional activation of its target genes
To test whether AR binding in G1 takes place on transcriptionally active target genes we analyzed the direct binding of RNA polymerase II using the UV laser-crosslinking technique. As shown in Figure 7 , in the presence of androgens, RNA polymerase II was found directly bound to the ARE of all tested AR target genes only in G1. On the CDK4 gene (whose expression is independent of the cell cycle) RNA polymerase II was found to bind to the promoter region independently of androgen stimulation and nearly at the same level at A c c e p t e d M a n u s c r i p t each phase of the cell cycle. As expected no binding of RNA polymerase II was detected on the non-induced XBP gene. Therefore, these data demonstrate a strong correlation between direct binding of AR and RNA polymerase II to the control regions of AR-target genes during the G1 phase of the cell cycle and the specific expression of these genes during this phase.
NCoR interacts with AR on ARE during the S phase of the cell cycle.
To further characterize cell cycle dependent regulation of AR by NCoR, a sequential
ChIP experiment was performed to analyze the interaction between NCoR and AR during the cell cycle. The first immunoprecipitation was carried out using an anti-NCoR antibody. The eluted material was next immunoprecipitated with an anti-AR antibody. As shown in Figure 8 AR and NCoR interacted to each other on the ARE of the tested NEP, CYR61 and FKBP5 genes in the presence of R1881 during the S phase. Note that no interaction of NCoR and AR was detected 2kb outside of ARE. Identical results were obtained when the order of the two immunoprecipitations was inverted (Supplementary Figure S3) . These data showed that in S phase NCoR and AR interact between each other and with the DNA in the chromatin of ARtarget genes.
Alterations of the cell cycle NCoR expression affect the cyclic expression of AR target genes.
To confirm that NCoR could be involved in the cell cycle regulation of AR-target genes we stably knocked it down using virally expressed specific NCoR-shRNA. The effects were analyzed in synchronized cells. In NCoR-shRNA-infected RWPE-1-AR tag cells the level of NCoR mRNA was reduced by 65 % and the level of the protein was undetectable (Figure 9 A).
Data presented in Figure 9 B show that in the presence of R1881 NCoR-shRNA M a n u s c r i p t induced a re-expression of the NEP, SGK and FKBP5 genes during the S phase in addition to the expression during the G1 phase. The knockdown of NCoR had only a marginal effect on the expression level of CDK4, GAPDH and AR genes. Similar data were obtained in cells transfected with NCoR-siRNA (supplementary figure S4) . These data strongly suggest that NCoR is involved in the down regulation of AR-target genes during the S phase.
To check whether this re-expression in S phase did indeed correlate with the direct binding of AR to the target ARE, we analyzed the binding of AR on the NEP, SGK and FKBP5 ARE using the UV Laser crosslinking technique. As shown in Figure 9 C the downregulation of NCoR was associated with a direct binding of AR to the ARE during both the S and G1 phases. No change in S phase was observed for the control genes CDK4 and GAPDH
(not shown). Taken altogether these data identify NCoR as the major actor restricting activation of the expression of AR-target genes specifically to the G1 phase in the RWPE-1-AR tag cells.
A c c e p t e d M a n u s c r i p t
Discussion
The aim of this work was to investigate the pattern of expression of AR-target genes in a prostate immortalized cell line carrying a constitutively expressed exogenous AR. We found that in these cells, androgen-induced expression of AR-target genes assessed from mRNA expression took place only during the G1 phase of the cell cycle. Searching factors that might control a cell cycle specific regulation of transcription we found that the co-repressor NCoR was expressed specifically during the S and early G2/M phases. This has led us to carry out experiments which demonstrated that NCoR should be involved in the G1 phase specific expression of AR-target genes. Indeed, down-regulation of NCoR expression by shRNA or siRNA resulted in a re-expression of AR-target genes in S phase (where they are otherwise silent). In contrast, the constitutive expression of NCoR during the cell cycle induced a repression of AR-target genes expression during the G1 phase.
Another original finding of this work was brought from the use of two alternative techniques to study the binding of these proteins to chromatin DNA, namely formaldehydeand UV laser-crosslinking techniques. The widely-used formaldehyde crosslinking technique induces protein-protein as well as protein-DNA covalent crosslinking and thus reveals both direct and indirect binding of proteins to DNA [29] . The UV laser-induced crosslinking technique induces only protein-DNA crosslinking and thus reflects exclusively direct protein binding to chromatin DNA [16, 32, 40] .
The quantities of the total DNA recovered from ChIP performed after respectively formaldehyde-or UV laser-induced crosslinking were comparable (data not shown). The formaldehyde-crosslinking technique showed that NCoR protein bound to AR target genes only during the S phase. As no binding was detected following the UV laser crosslinking technique (not shown) we conclude that NCoR bound to the chromatin of ARtarget genes in S phase through protein-protein and not direct protein-DNA interactions.
NCoR was found to bind also to the chromatin regions located 2 kb around the ARE which strongly suggests that binding of NCoR to AR-target genes in not governed by the presence of the ARE. We assume that in order to act as a repressor, NCoR has to "coat" relatively large chromatin fragments. This raises the question of how NCoR recognizes and coats the promoter and surrounding chromatin regions. We cannot give a definitive answer to this A c c e p t e d M a n u s c r i p t question, but we can hypothesize that other, yet not identified factors, different from AR, might "guide" NCoR over the AR-target genes.
We have also found that when abrogating expression of NCoR during the S phase in shRNA expressing cells, AR can bind again directly and productively to ARE. This suggests that the binding of NCoR to the chromatin in S phase interferes with the direct interaction of AR with ARE DNA. We speculate that the constitutive expression of an exogenous AR leads to its permanent interaction with the chromatin during the whole cell cycle. In S phase NCoR binds to AR and displaces it from its direct interaction to the ARE DNA. In the absence of NCoR in G1 phase, AR is again able to directly interact with DNA and to drive transcriptional activation.
We note that this mechanism of regulation would operate in our experimental system, A c c e p t e d M a n u s c r i p t ChIP were carried out on synchronized RWPE-1-AR tag cells after crosslinking with The experiment was carried out as described in figure 6 except that RNA polymerase II-DNA complexes were recovered with a specific antibody against the enzyme. The fold enrichment for each gene was normalized relative to DNA precipitated with nonspecific antibody (IgG). Data represent the mean +/-SD from 3 independent experiments. M a n u s c r i p t 
